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Abstract
The deformation pattern in active orogens is in general diffuse and distributed, and is 
expressed by spatially scattered seismicity and fault network. We select two relating data-
sets in the region encompassing Switzerland and analyse how they compare with each 
other. The datasets are not complete but are the best datasets currently available which 
fully cover the investigated area at a uniform scale. The distribution of distances from each 
earthquake to the nearest fault suggests that about two-thirds of the seismicity occurs near 
faults, yet about 10% occurs far from known faults. These numbers are stable for various 
selections of earthquakes and even when considering location uncertainties. Earthquake 
magnitudes in the catalogue are smaller than what could be expected from faults lengths. 
This suggests that the deep fracture pattern is more segmented than the superficial one, or 
mostly partial rupture during earthquakes, and (partly) the impropriety of the scaling law. 
Statistics on the distances from each fault to the nearest earthquake reveal that all suppos-
edly-active faults in Switzerland have experienced a typically felt (magnitude 2.5 or larger) 
event, and only one out of six has not done so in the past four decades. Future applications 
of the presented approach to more complete or comprehensive fault databases may result in 
revised numbers regarding the connection between deep and superficial fracture patterns, 
representative of the stress regime of the region. The public and educational message: (1) 
in the region of Switzerland, earthquakes can happen in areas without known or mapped 
faults; (2) not all faults produce earthquakes within a human lifetime, but they seem to do 
so over long times.
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1  Introduction and motivation
General knowledge of geoscientists holds that earthquakes occur on faults, and faults 
are created by brittle failure. While this can be clearly demonstrated for homogeneous 
media at relatively small scales, reality can be more complex due to various scales and 
material heterogeneities. This is especially true in an orogenic environment with a long 
deformation history such as the Alps. Switzerland and surrounding areas host a wealth 
of identified faults at surface which reflect the integrated time history of fracturing 
events, and a long catalogue of earthquakes which reflect the geologically most recent 
fracture pattern at depth. We here perform a comparison of these two datasets to ana-
lyse and quantify how much of the seismicity is related to known faults, and how much 
of it is relatively distant from known faults.
This analysis is relevant for several reasons.
1. The central Alpine region is an area of distributed deformation, therefore—unlike in 
classical plate boundary settings—it is not obvious where fractures concentrate and 
whether the patterns at the surface and at depth correlate.
2. The calculations for the current Swiss earthquake hazard model (Wiemer et al. 2016) 
do not include faults as seismogenic sources due to the sparse coverage and uncertain 
parameters in the considered databases (Wiemer et al. 2016, page 38).
3. Another seismic hazard analysis project, focusing on Swiss nuclear power plant sites 
(project PEGASOS; Abrahamson et al. 2004) has identified the Reinach and Fribourg 
faults as potentially active. However, they found that the seismic hazard is dominated by 
magnitude 6–7 events at short distances. As a result, their analyses—while they serve 
well their purpose—is far from being complete for Switzerland and for the database of 
known faults and earthquakes.
4. In Switzerland there is no clearly identified seismogenic zone database, as it is the case 
in Italy (DISS Working Group 2015). The along-strike segmentation of the Alps is also 
not as clear as that of the Himalayas, where there is a structural control on the extent 
of large earthquakes (Hetényi et al. 2016), but moderate to small seismicity still varies 
significantly along the arc (Diehl et al. 2017).
There is, therefore, a gap in the comparison of currently available geological and 
geophysical information related to fracture patterns at surface and at depth. In this 
paper we analyse (1) tectonic faults mapped at the surface and (2) the earthquake cata-
logue in the same region. These two datasets are constructed fully independently and 
method-wise very differently. Although we do not think that all earthquakes (especially 
at depths exceeding few kilometres) can be directly connected to faults at the surface, 
we argue that the analysis of the physical connection between zones of deep and of 
superficial fractures in an orogen, connected by the stress field, is of interest. Their 
correlation allows to quantify near-fault and off-fault seismicity, at least to a minimum 
level, considering the current fault and earthquake completeness. This baseline com-
parison can be improved in the future (see the Sects. 4 and 5), and the result can have 
practical applications for seismic hazard assessment.
441Acta Geodaetica et Geophysica (2018) 53:439–461 
1 3
2  Geodynamic and seismological setting
The Alpine orogenic system has formed by the interaction of the European and the 
Adriatic plates. The latter is one of several microplates of continental and oceanic 
provenance whose evolution between two large converging plates, Europe and Africa, 
has given rise to the tectonically complex Alpine–Mediterranean mountain belts (e.g., 
Handy et  al. 2015). The Alps comprise significant along-strike differences in their 
structure and dynamics (e.g., Schmid et  al. 2017). One of the reasons for this is the 
counter-clockwise rotation of Adria around a pole in NW Italy, causing currently lit-
tle deformation in the Western Alps and frontal collision in the Eastern Alps (Weber 
et al. 2010). This is well reflected in the pattern of the major historical earthquakes in 
the Alps (Fig. 1, Table 1), the majority of which occurred at the southern front of the 
Eastern Alps.
Seismicity in Switzerland is moderate, but the level of analysis is detailed and com-
prehensive. The yearly earthquake reports with a long tradition (Deichmann et  al. 
2012 and references therein; Diehl et al. 2018 and references therein) discuss the main 
recent events and their tectonic interpretation. The ECOS-09 catalogue integrates thor-
oughly compiled and homogenized historical and instrumental data (Fäh et  al. 2011). 
The regional stress field derived from fault plane estimates (Kastrup et al. 2004) points 
out perturbations with respect to the general European stress field in the vicinity of the 
Alps. On the regional scale, the uplift rate’s spatial gradient was proposed to drive seis-
micity as well as landslide loci (Jaboyedoff et al. 2003).
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Fig. 1  Location of the 12 largest earthquakes in the Alpine region in the last millennium (red circles), with 
details listed in Table 1. The grey circles show the location of events outside the Alpine region. The white 
dashed line is the approximate contour of the Adriatic microplate according to Weber et al. (2010). The yel-
low corners define the frame of the study area shown in subsequent figures
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Yet most of the undertaken analyses focus mostly on the largest seismic events, leav-
ing ample space for an overall comparison including smaller earthquakes and all, currently 
known faults.
3  Data and methods
3.1  Data
3.1.1  Earthquake catalogue
For this study we download the entire earthquake catalogue held at the Swiss Seismologi-
cal Service, from the earliest event (250 AD) to the end of 2017, counting 25,638 events 
between magnitudes − 0.6 and 6.6. For the main analysis we use data downloaded using 
the command fdsnws-event. For the uncertainty analysis (see Sect. 4.2), we download the 
ECOS-09 (Fäh et al. 2011) dataset, which includes predefined location, depth and magni-
tude uncertainty categories until the end of 2008. For the analysis of more recent events, 
we download event data in XML output format for M ≥ 2.0 earthquakes, which include 
individual location, depth and magnitude uncertainty for each (633 events, but not all have 
all these information). Data are available and download procedures are described on the 
Swiss Seismological Service website http://www.seism o.ethz.ch (last accessed 15 Febru-
ary 2018).
Figure  2 shows the full catalogue in map view. This includes all historical events as 
described in ECOS-09. Then it contains events from the historical to analogue transition 
period, 1964–1974, where the magnitude of completeness decreased from 3.3 to 2.0. The 
analogue instrumental period lasted from 1975 to 1983, after which the analogue to digital 
transition period followed from 1984 to 2001. From 2002 the catalogue is fully based on 
digital instrumental records (Fäh et al. 2011).
Table 1  Date, location and 
magnitude of the largest 
earthquakes in the Alpine region 
in the last millennium. See Fig. 1 
for map view
References: SHEEC—Stucchi et  al. (2012); ECOS-09—Fäh et  al. 
(2011); USGS—https ://earth quake .usgs.gov/earth quake s/searc h/; ISC—
http://www.isc.ac.uk/iscbu lleti n/. Websites last accessed 15 February 
2018
Date Location Magnitude Reference
1117.01.03. Verona (IT) 6.7 SHEEC
1222.12.25. Basso Bresciano (IT) 6.0–6.1 SHEEC, ECOS-09
1295.09.03. Churwalden (CH) 6.2 SHEEC, ECOS-09
1348.01.25. Villach (AT) 7.0 SHEEC
1356.10.18. Basel (CH) 6.5–6.6 SHEEC, ECOS-09
1511.03.26. Idrija (SI) 6.9 SHEEC
1590.09.15. Neulengbach (AT) 6.1 SHEEC
1690.12.04. Carinthia (AT) 6.6 SHEEC
1695.02.25. Asolano (IT) 6.5 SHEEC
1855.07.25. Visp (CH) 6.1–6.2 SHEEC, ECOS-09
1873.06.29. Belluno (IT) 6.3 SHEEC
1976.05.06. Friuli (IT) 6.5 USGS, ISC
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Fig. 2  a Map view of the full earthquake catalogue held at the Swiss Seismological Service from 250 AD 
to the end of 2017. b Map view of the full fault database on the 1:500,000 Geological Map of Switzer-
land held by the Swiss Federal Office of Topography. Supposedly-active and supposedly-inactive faults are 
shown in magenta and grey colour. The green box on both figures highlight the study area, shown from 
Fig. 3 onwards. The political boundaries of Switzerland and the ten largest lakes are shown for reference. 
Co-ordinates are shown in the Swiss grid in km
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3.1.2  Fault catalogue
We chose to use the Geological Map of Switzerland at the 1:500,000 scale as it is the 
highest resolution map with complete fault information in the study area. The map (ver-
sion 1.3) is available in digital format from the Swiss Federal Office of Topography 
(Swisstopo). This database was assembled primarily from academic research and map-
ping projects carried out by geologists for over a century, and revised two times. The 
“Tectonic Accidents” (transcriptions from French) sheet contains 12,737 faults with 
a total length of 28,328  km in a rectangular area encompassing Switzerland (Fig.  3). 
The database includes individual fault co-ordinates, fault length, and different faults 
categories. These categories are important to distinguish between “supposedly-active” 
(“faults” and “tectonic lineaments”: ID codes 21–24) and geologically old, “supposedly-
inactive” faults (ID codes 11–18). These categories are based on the initial maps used to 
compile the database. We perform our analysis with the supposedly-active faults (total 
length: 10,906 km, of which 3644 in or touching Switzerland) and then test the sensitiv-
ity of our results with respect to this selection.
This selection of faults does not allow to distinguish whether they are truly active 
tectonic faults, or related to gravitational processes or to postglacial differential uplift 
(Persaud and Pfiffner 2004; Ustaszewski et  al. 2008; Ustaszewski and Pfiffner 2008). 
While such compilations exist over areas of smaller extent, they are not available over 
our entire study area, where the selected 1:500,000 scale tectonic map is considered as 
the most complete. Future improvements of the fault database and application of the 
approach presented here will provide updates on quantifying the relationship between 
faults and earthquakes.
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Fig. 3  Map view of the reference case showing M ≥ 2.5 earthquakes since 1975 in the entire study area and 
supposedly-active faults (pale green). Co-ordinates are shown in the Swiss grid in km
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3.2  Methods
We perform two main calculations: (1) for each earthquake, the distance to the nearest fault; 
(2) for each fault, the distance to the nearest earthquake. We employ Euclidean distance calcu-
lations between earthquake epicenters and faults vertices using their X and Y co-ordinates in 
the Swiss grid. We chose to compute this distance horizontally as the dip information of the 
faults is generally not available, but we consider the earthquake depth information in the fig-
ures and in the interpretation. The comparison of earthquake focal mechanism and potentially 
related fault is performed for a few events yearly, and is discussed in annual reports of the 
Swiss Seismological Service (e.g., Diehl et al. 2018 and earlier).
As the distance calculations are simple, further details on their purpose is explained 
with each result presented in subsequent sections; in this section we discuss basic prior 
verifications.
The fault lengths in the fault database are verified for each fault by adding its individual 
digitized segments’ recalculated lengths, and is found to be matching within 0.11%. The digi-
tized vertices defining these segments are typically (90% of the cases) < 1 km from each other 
and only 1% has > 2 km spacing, hence discretization artefacts are small.
To avoid artefacts in the comparison of the earthquake catalogue and the fault database 
near their coverage’s edge, we limit the selection of earthquakes to a narrower box, as shown 
on Fig. 2. In some cases, we only consider data within Switzerland, also represented on figures 
with the boundaries.
Earthquake depths, provided below sea-level, are converted to depth below surface using 
the elevation data at the earthquake location using the SRTM topography model (Farr et al. 
2007) at 6 arc-seconds (180 m) horizontal resolution.
In general, we make no distinction between the types of earthquake magnitudes in the cat-
alogue, unless specified below. We use  ML for events since 2009 and  Mw for event before 
that time, accounting for ca. One and three quarters of the catalogue, respectively. The differ-
ence between the two magnitudes is negligible for the range investigated in most of this study 
(M > 2.5) and becomes relevant only for small (M < 1) events. For a comparison of  Mw and 
 ML between small and large events we refer to Deichmann (2017), and for an empirical scal-
ing relation in Switzerland to Goertz-Allmann et al. (2011).
To compare fault lengths with magnitudes, we follow the scaling relation proposed by 
Wells and Coppersmith (1994) who fitted a regression line between magnitude M and surface 
rupture length  LRUP on data from 77 earthquakes with magnitudes 5.2–8.1 worldwide:
and the regression line fitted by changing the axes is:
In this comparison, the longest fault segment in the database with 62 km length could theo-
retically—if rupturing along its total length—host a M7.16 earthquake.
(1)M = 5.08 + 1.16 ⋅ log10
(
LRUP
)
,
(2)log10
(
LRUP
)
= −3.22 + 0.69 ⋅ M.
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4  Results and discussion
4.1  Distance from earthquake to nearest fault
4.1.1  Reference result
We compute for each earthquake epicenter the distance to the nearest fault d in kilometres. 
For the reference case, we chose earthquakes since 1975 (beginning of the instrumental 
period), with magnitudes 2.5 and above (typically felt events) in the entire study area. This 
selection and the supposedly-active faults are shown on Fig. 3.
The distribution of calculated horizontal distances is shown on Fig.  4a. While the 
majority of events are within 5 km of a supposedly-active fault, there is a non-negligible 
part farther away, up to 30 km distance. We fit a probability density function (PDF) to the 
distance distribution in the form
where α  (km−1) is the single parameter characterizing the PDF so that the integral of the 
function (of the probabilities) is 1. We use 60 bins (0.5 km bin width) so that the discrete 
function is well resolved but still has enough data in each bin. The best fit PDF for the 
(3)PDF = 훼 ⋅ exp(−훼 ⋅ d),
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Fig. 4  Results for the reference case. a Histogram of earthquake-to-nearest-fault distances. b The same dis-
tance plotted against hypocentral depth for each event. Green lines dipping at 60° and 30° angles allow 
defining “close” and “far” events, quantified in red in the lower left corner. Circle size and colour scales 
with magnitude. Events shown in grey at zero depth do not have hypocentre information and are not 
included in the statistics. c Comparison of reported against hypothetical magnitudes assuming full rupture 
on the nearest fault and scaling according to Wells and Coppersmith (1994). The red line is equality. Mag-
nitudes scaled from fault length could be reduced when using stress-drop based estimates, but would need 
additional assumptions on stress-drop
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reference case has α = 0.25 km−1, and we analyse this parameter as a function of selected 
earthquakes.
A better evaluation of these distances can be made by adding the depth of the events rel-
ative to the surface (Fig. 4b). To quantitatively distinguish earthquakes that are “close” to 
and “far” from the nearest fault, we show two lines dipping at 60° and at 30° from the ori-
gin. These dip angles correspond to idealized normal and thrust faults, respectively (Ander-
son 1905), whereas idealized strike-slip faults would dip at 90°. As the real geometry of 
faults is likely more complicated and does not necessarily reach as deep as the earthquakes, 
these two lines are chosen to characterize the fracture patterns at depth and at surface. In 
the reference case, 63% of the earthquakes are below the 60° dipping line and are therefore 
labelled “close” events, and 11% are above the 30° dipping line and are “far” events. The 
sensitivity of the results on the earthquake and fault selection, as well as considerations on 
the uncertainties are discussed below.
We also compare the magnitude of each event with a hypothetical magnitude calcu-
lated using the fault length and the scaling law in Eq. (1). This represents a hypotheti-
cal scenario in which the full length of the nearest fault ruptures during an event. The 
comparison (Fig. 4c) reveals that the reported magnitude is always less than it could be 
by fully rupturing the nearest fault. This discrepancy may be reduced for M < 3 earth-
quakes when seismic source dimensions would be estimated using stress-drop, instead 
of the global scaling law based on M 5.2–8.1 earthquakes, however a notable difference 
remains. This means that rupture during these earthquakes is shorter, or partial com-
pared to the nearest fault’s length if it continues at depth.
4.1.2  Sensitivity to selected data
The calculations performed for the reference case above are done for other selections 
of earthquakes to analyse the results’ sensitivity. The numbers for the tested cases are 
detailed in Table 2 and summarized in Table 3.
Table 2  Selection criteria and results in terms of close and far earthquakes
In the selection criteria only those parameters are shown that are different from the reference case (first 
line), dash indicates same value as in reference case. CH: Switzerland. Count: number of earthquakes. The 
“close %” and “far %” numbers refer to the portion of earthquakes below the 60° dip line and above the 30° 
dip line (see text and figures). Parameter α characterizes the shape of the probability density function fitted 
on the distribution of distances
Time since Mag. ≥ Area Faults Count Close % Far % α  (km−1) Figures
1975 2.5 Box Supposedly-active 955 63 11 0.25 3 and 4
– – CH – 528 63 9 0.26
1964 3.3 – – 146 58 12 0.35
250 – – – 1158 64 10 0.23
1984 – – – 700 62 10 0.26
2002 – – – 295 66 9 0.27
2002 1.5 – – 4636 57 16 0.21
2002 0.5 – – 9423 58 15 0.24 5
250 – CH – 653 65 8 0.22 6
– – – All 955 88 4 0.73
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With respect to the reference case, we varied the time window of earthquakes, the mini-
mum magnitude of the selection, and the chosen area. Two examples are shown on Figs. 5 and 
6: M ≥ 0.5 events between 2002 and 2017 (fully digital seismic recordings) in the entire area, 
and all typically felt events (M ≥ 2.5) in Switzerland since the beginning of the catalogue (250 
AD).
The example on Fig. 5 shows that the results are similar to the reference case consider-
ing a large number of events and even if magnitudes below the magnitude of completeness 
are included. The earthquakes highlight some features known tectonically, like the double 
earthquake band in the Valais, the Fribourg Lineament, but also the northern Alpine front, 
except a central segment. The distance distribution can be fitted with a PDF of parameter 
α = 0.24 km−1. The percentage of close, respectively far events is slightly lower (58%), respec-
tively higher (15%), than in the reference case. The earthquake magnitudes are all lower than 
the hypothetical magnitudes scaled from the nearest fault’s length, like in the reference case. 
Only a small portion of the difference (ca. 0.6 of several units at M = 1) can be accounted for 
by the  Mw − ML difference.
Figure 6 includes the entire historical catalogue of felt events within Switzerland. The Val-
ais, the Grisons/Graubünden and the Basel area appear clearly. Western Switzerland shows a 
distributed seismicity which is more important than commonly believed. The PDF fitted on 
the distance distribution has α = 0.22 km−1. The earthquakes are on average slightly closer 
to faults than in the reference case (65% close, 8% far). The magnitude comparison reveals 
several events that are larger than the magnitude scaled from the nearest fault’s length. The 
majority of these have magnitudes above 5, and the difference with respect to the equality 
line is larger than the magnitude uncertainty in the ECOS-09 catalogue (typically < 0.5 when 
this information is provided). These can be explained by their exceptional nature, as the 1356 
millennial Basel earthquake, the large location uncertainty of historical events causing wrong 
nearest-fault associations, or simply blind faults.
As a summary of the sensitivity tests (Table 3), the range of close events is 57–66%, while 
the range of far events is 8–16%, depending on the choice of earthquakes. The numbers point 
to slightly more closeness when only the typically felt events (M ≥ 2.5) are considered. To 
demonstrate that the results are distinct from those of a random distribution, we computed the 
“close” and “far” percentage numbers considering a random distribution of events in the study 
area and in the first 15 km depth of the crust. The average of ten such tests (Table 3) proves 
the distinct nature of real data: while the latter show between 3/5 to 2/3 close events and 1/12 
to 1/6 far events, random distributions show ca. 1/2 and 1/5 to 1/4, respectively. A significant 
change in our results can only be produced when a much broader set of faults, i.e. both the 
supposedly-active and the supposedly-inactive, are considered (Table 2). This means that the 
close and far percentages obtained here for supposedly-active faults, ca. 62% and ca. 10% on 
average, are related to the geometrical distribution of these faults in the study area. The same 
can be concluded from the PDF fitted on the distribution of distances. The parameter α is 
Table 3  Comparison of the range of close and far events for different selection criteria and for tests of ran-
domly distributed earthquakes
Group of calculations Range of close % Range of far %
All tests: supposedly-active faults 57–66 8–16
All tests: supposedly-active faults and M ≥ 2.5 events 58–66 8–12
Random earthquake locations (10 tests, 955 events) 50–54 20–25
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largely similar for the cases where active faults are selected (0.21–0.35 km−1), and is signifi-
cantly different when all faults are taken into account (0.73 km−1). The variability of α is listed 
in Table 2 and shown in Online Resource 1.
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Fig. 5  Map view and results for M ≥ 0.5 events in the time window 2002–2017 in the entire study area, 
with respect to supposedly-active faults. Display as on Figs. 3 and 4, map co-ordinates are shown in the 
Swiss grid in km. The smallest magnitudes (M 0.5 to 2.0) in d could be shifted to the right (by ca. 0.75 to 
0.2 ± 0.15 units, respectively) as a result of  ML–Mw correction
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4.2  Uncertainty analysis
4.2.1  Faults
The uncertainty of fault location is virtually zero, and the discretization of fault vertices 
is mostly less than 1 km (see Sect. 3.2).
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Fig. 6  Map view and results for M ≥ 2.5 events since 250 AD in Switzerland, with respect to supposedly-
active faults. Display as on Figs. 3 and 4, map co-ordinates are shown in the Swiss grid in km
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4.2.2  Earthquake locations
The location uncertainty of earthquakes relates to the precision of location determina-
tion and is not an absolute accuracy. An important element defining this is the velocity 
model used during the location process. It is beyond the scope of this paper to discuss 
the quality of the velocity model, but the seismological network and earthquake cata-
logue of Switzerland are generally considered to be of high quality.
As in most catalogues, the uncertainties tend to be worse with the age of earth-
quakes. This is the case of the ECOS-09 catalogue, which includes 19,275 events, and 
predefined categories for the north–south, east–west and vertical uncertainties such as 
“≤ 20 km” or “≤ 50 km” (see Fäh et al. 2011 for details). While the uncertainties gener-
ally decrease with time, especially with the beginning of the instrumental record (see 
Online Resource 2), it remains ambiguous to perform a quantitative assessment.
We therefore take the most recent part of the catalogue (2009 onwards) in which 
earthquakes have individually determined horizontal and vertical uncertainties and per-
form two analyses.
In the first, we start with a computation as above and obtain 57% close and 13% far 
faults (Fig.  7a). We then create a heat map to take into account the uncertainties, by 
associating a 2-D Gaussian at the location of each event on the same distance–depth 
diagram. The semi-axes of the ellipse at the base of the Gaussian are 3σ of the indi-
vidual horizontal and the vertical uncertainty values. The total weight of each Gaussian 
is 1, so better located events will have a more focused trace in the heat map. The parts 
of ellipses that reach over to the other side of the nearest fault are folded over the ordi-
nate (depth axis). Finally, we sum the individual, ellipse-shape weights and obtain the 
heat map on Fig. 7b. The “close” and “far” percentage are obtained by integrating the 
heat map below the 60° and above the 30° dipping lines. We obtain 56 and 15%, respec-
tively, which is very close to the initial results. While the initial result seems robust, this 
approach considers only the nearest fault to each earthquake. However, in reality, the 
location uncertainty may bring the earthquake closer to another fault.
To test this scenario as well, we perform 10 tests in which the location of each earth-
quake is shifted in a random horizontal direction by a random amount, following a 
Gaussian distribution whose width scales with the horizontal uncertainty. Each event is 
also shifted in depth in the same random way. The “close” and “far” percentages remain 
in a narrow range and show a slight improvement with respect to the initial numbers. 
Close events are in the 58–61% range (compared to 57% initially), and the far events are 
in the 9–11% range (initially 13%). This means that the random shift of earthquake loca-
tions actually brought the events slightly closer to their nearest or another fault.
In summary, our two tests that consider earthquake location uncertainties, without 
and with other faults, do not reveal any strong bias in our initial results and put confi-
dence that they are robust.
4.2.3  Earthquake magnitudes
For the same selection of earthquakes as above, we also add the magnitude uncertainty 
information, where available, on the usual diagram (Fig.  7c). The uncertainty values 
are typically less than one magnitude unit, and none of them crosses the equality line. 
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Thus they confirm the general trend in which earthquake magnitudes are lower than 
what could be expected from full rupture of the nearest fault.
4.3  Fracture length distributions
A striking feature of the above comparisons is the generally lower earthquake magnitude 
compared to the nearest fault’s length (Figs. 4c, 5d, 7c). Except for relatively large, histori-
cal events (Fig. 6d), the faults seem to be able to produce larger events than those occurring 
in reality, supposing they break their entire length mapped at the surface.
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Fig. 7  Uncertainty analysis of the results, for M ≥ 2.0 earthquakes in the time window 2009–2017. a Dis-
tance to nearest fault against earthquake depth, displayed as on earlier figures. b Same display in form of a 
heat map (relative intensity), considering horizontal and vertical uncertainties of each event. The close and 
far statistics are very close to the initial numbers. See text for description. c Magnitude uncertainties (1σ) 
added on a comparative magnitude figure as shown on earlier figures
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To verify whether this is a coincidence or a general feature of the study area, we analyse 
the two databases without connecting individual earthquakes and faults, and compare the 
distribution of all earthquakes’ magnitudes with that of all fault’s lengths. To represent 
these on the same scale, we homogenize them using the right and respectively left side 
of Eq. 2, the scaling relation proposed by Wells and Coppersmith (1994). The histogram 
on Fig. 8 shows that the fault length and earthquake magnitude distributions contained in 
the databases are different, despite each of them having a maximum near their centre. The 
faults are generally longer with respect to the length scale corresponding to earthquakes’ 
rupture lengths.
We see two interpretations for this discrepancy.
Either the scaling law, calibrated on larger events globally, cannot be applied to back-
ground seismicity and to an integrated faulting history as that of Switzerland. If this is the 
case, the scaling law is seriously wrong, as demonstrated by the ca. 2 units of difference in 
the location of maxima on Fig. 8, corresponding to a difference of ca. 3 in magnitudes or 
a multiplication factor of ca. 100 in fault lengths. These differences would partly reduce 
when stress-drop based magnitude—earthquake source dimension relationships would be 
used, however the extent of reduction depends on the assumed stress-drop and we chose 
not to speculate on its value.
Therefore at least part of the results have a tectonic meaning: they suggest that the frac-
ture pattern and depth, mirrored by the seismicity, is clearly more fragmented than the 
fracture pattern at surface, mirrored by the fault map. This can be a physical state of the 
fracture patterns, or, if the mapped fault segments at surface are comparable in length to 
those at depth, it may also mean that the earthquakes do not rupture the full, available fault 
length. It may also be that faults mapped at the surface are curvilinear, and therefore longer 
than what single earthquakes can rupture. Further analysis is required on both databases, 
especially to see whether their respective completeness levels and temporal sampling (geo-
logical for the faults, within the seismic cycle for earthquakes) play a biasing role in this 
result.
Fig. 8  Comparison of the fault 
database with the earthquake cat-
alogue in terms of characteristic 
length, homogenized using Eq. 2. 
Faults in general seem to be 
longer than earthquake rupture 
lengths, even if the discrepancy 
would partly reduce when stress-
drop based magnitude—source-
dimension equations would be 
used. See text for further details. 
Units on the horizontal axis are 
as indicated to the right of the 
colour legend. The histogram 
counts are shown in natural 
logarithm simply for representa-
tion purposes
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4.4  Distance from fault to nearest earthquake
In an exercise opposite to the previous, we compute for each fault the distance to the near-
est earthquake. The goal is to see whether one can draw any conclusion about faults being 
active or inactive over a considered time window.
4.4.1  Reference result
As a reference case we consider faults in Switzerland only, to avoid any bias from the 
region to the NW (French Jura, Franche Comté) with a dense fault network but few earth-
quakes. We select the same earthquakes as in the other reference case (Sect. 4.1): M ≥ 2.5 
events since 1975. We than calculate the percentage of faults that are more than 10, 15 and 
20 km away from any earthquake. We also calculate their cumulative length as a percent-
age of the total length of considered faults.
For the reference case, 16, 4 and 2% of faults are more distant from earthquakes 
than 10, 15 and 20 km, respectively, and they make up 15, 5 and 1% of the fault net-
work length. The ca. 1/6 of the faults in Switzerland that satisfy the 10-km-distance 
criteria are highlighted on Fig. 9. They show the southern part of the canton of Ticino, 
several faults in the Jura in Western Switzerland and Lake Geneva area, and the north-
ern front of the Alps in the central segment of the country. Surprisingly, a few short 
faults are also highlighted in the Simplon area and in the Valais.
500 550 600 650 700 750 800
100
150
200
250
300
Mag.6 5 4 3 2t:1975-2017    M>=2.5    Z<=40    962 ev.
0
1
2
3
4
5
6
Fig. 9  Map of faults in Switzerland that are more than 10  km away from any M ≥ 2.5 earthquake in the 
time window 1975–2017, highlighted in orange compared to all, supposedly-active faults in pale green. Co-
ordinates are shown in the Swiss grid in km
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4.4.2  Sensitivity to selected data
We analyse the sensitivity of the results as a function of selected data, primarily the 
earthquakes, but also the faults. As in the reference case above, we compute the num-
ber N and cumulative length L of faults more distant from earthquakes than 10, 15 
and 20 km. The results are presented in Table 4 as percentages rounded to the nearest 
integer.
The tests reveal a strong dependence of the results on the selected earthquakes. All, 
supposedly-active faults have seen a typically felt earthquake (M ≥ 2.5) occurring at 
less than 10 km distance since the beginning of the catalogue (250 AD). This can be a 
key element to include in hazard analysis. The results depend strongly on magnitude. 
At higher thresholds (e.g., M 3.3–3.5), 10% of the faults have never experienced an 
earthquake closer than 10  km, and this rate is more than 50% for the past half cen-
tury. At lower thresholds (e.g., M 1.5), almost all faults have seen an event in the past 
16 years. Considering the supposedly-inactive faults within Switzerland as well does 
not decrease the percentages significantly. However, extending the area to the entire 
box shown on Fig. 9 causes a comparatively larger increase.
While these results do not account for location uncertainties, they underline another 
way of comparing faults with earthquakes, in which the selection criteria such as time, 
magnitude and area, play an important role.
5  Avenues for future research
The following sections describe possible future studies to continue the analyses presented 
here.
5.1  More fault data
The 1:500,000 tectonic map was chosen as it is currently the only map covering the entire 
study region at uniform resolution. The fault database can be further improved by add-
ing subsurface fault information, for example from the Seismic Atlas of Switzerland 
Table 4  Selection criteria and results on faults’ distance to the nearest earthquake
Columns N10, N15 and N20 are the percentages of faults being more than 10, 15 and 20 km away from 
the nearest earthquake. Columns starting with L indicate the same in terms of cumulative length. In the 
selection criteria only those parameters are shown that are different from the reference case (first line), dash 
indicates same value as in reference case. CH: Switzerland
Time since Mag. ≥ Area Faults N10 N15 N20 L10 L15 L20
1975 2.5 CH Supposedly-active 16 4 2 15 5 1
250 – – – 0 0 0 0 0 0
250 3.5 – – 11 4 2 9 4 2
1964 3.3 – – 46 25 15 45 27 16
2002 1.5 – – 4 1 0 4 1 0
– – – All 12 2 1 11 2 1
1964 3.3 – All 43 20 11 41 21 12
– – Box – 22 7 1 21 6 1
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(Sommaruga et al. 2012) and from project GeoMol (Allenbach et al. 2017). For the end of 
2019, Swisstopo plans the completion of the 1:25,000 scale geological maps across Swit-
zerland, which will bring a new level of details for analyses. Furthermore, the revision of 
active versus non-active faults can lead to a better picture of faults–earthquakes relation-
ship. Nevertheless, our approach presented here can be applied directly to new datasets.
5.2  Focused fault analysis
With denser field instrumentation and state-of-the-art seismic techniques, the active but 
slowly moving fault in the Alpine region can be further characterized. An outstanding 
example is the work on the Fribourg Lineament (Vouillamoz et al. 2017), and the ongoing 
effort around the Rawil depression (T. Diehl, pers. comm.). While this approach is not con-
ceivable across the entire country, it will bring more certainty for seismic hazard assess-
ment through the characterization of important active faults.
5.3  Kinematic comparison
Our analysis could be brought further by comparing the strike, dip and rake from seismic 
focal mechanism (FM) solutions and fault characteristics. The strike of the FM should lie 
close to the fault orientation. The FM dip and rake information could be plotted on figures 
as our distance–depth graphs (e.g. Fig. 4b), to see whether the fault nearest to an earth-
quake can reasonably regarded as the respective host fault. Mapped faults can be compared 
to the a compilation of focal mechanisms and the derived stress map (Kastrup et al. 2004), 
and included either as input or as control of 3-D numerical models of geodynamic evolu-
tion which can quantify the 3-D stress and strain field (e.g., Lechmann et  al. 2014; von 
Tscharner et  al. 2016). Such models would further characterize the relationship between 
stress and strain fields in Switzerland, which has been recently analysed by Houlié et al. 
(2018).
5.4  Comparison with geology
As demonstrated above, the depth information is crucial in the analysis of earthquake 
loci with respect to faults. Further insights can be gained when plotting the earthquake 
locations in the vicinity of geological profiles on these latter. Examples are presented on 
Fig. 10 across the Jura Mountains and the Western Swiss Alps.
In the Alps, where geological structures are highly non-cylindrical and strongly 
plunging, meaningful correlation with foci projected horizontally on cross-sections is 
challenging. However, by combining map and cross-section view of earthquakes, a link 
with structures associated to the Rhône-Simplon fault-system can be postulated. Devel-
oping a 3-D model should help to confirm this hypothesis and similar ones elsewhere.
Movements in front and below the external crystalline massifs propagating towards 
the basal thrust of the Prealps and the Subalpine Molasse can be the source of several 
earthquakes.
In the basement below the Jura and the Molasse Basin, earthquakes are located below 
the Jura detachment. The connection with faults observed at the surface is not possible. 
On classical cross-sections such as Fig.  10, the basement is pictured as a homogene-
ous formation. It is obviously not the case in an area so strongly pre-structured by the 
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Fig. 10  Earthquakes plotted on geological profiles across the Western Alps. a Profile by Escher et  al. 
(1997). b Profile NFP20-West as interpreted in Schmid et al. (2017). We refer to the original publications 
for the colour codes. Both profiles run NW–SE near the eastern end of Lake Geneva, the latter is ca. 25 km 
to the NE and horizontally offset by ca. 50 km. On all figures only those earthquakes are shown that are 
located less than 30 km distance from the profile, with known magnitude, known vertical uncertainty, and 
known horizontal uncertainty for events since 2009, and, for events until 2008 (ECOS-09), when the largest 
of the E–W and N–S uncertainties is ≤ 20 km. The size of the circles is proportional to the local magnitude 
 (ML) of events
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Variscan orogeny and the Mesozoic extensional phases. For instance, the possible role 
of late Variscan structures such as the faults bounding Permo-Carboniferous troughs 
should be examined more closely and in 3-D.
5.5  Improving seismic hazard assessment?
It seems to be a good idea to take all faults with low earthquake-to-fault distances, and 
incorporate them in seismic hazard assessment. However, this is simply smearing the 
already available information on the spatial distribution of earthquakes towards the 
faults. It also disregards the fact that the earthquake catalogue is incomplete, both in 
time (for large events) and in space (for small events, too).
The same problem arises if one calculates the cumulative moment liberated on each 
fault from the earthquakes to which they are closest. The seismic cycle in a slowly 
deforming orogen is likely longer than the time period covered by the seismic catalogue, 
and we do not have good constraints on the time scales of transients.
In an inverse approach, one can highlight those faults that have low fault-to-earth-
quake distances. While this also relies on earthquake loci, it allows to quantify how 
relevant is the fault dataset for the given earthquake catalogue. As mentioned above, for 
M ≥ 2.5 events and long times, all faults have seen an event occurring within 10 km dis-
tance. This assessment can be done for smaller events and shorter time periods to map 
already ruptured against not-yet ruptured zones, given that the earthquake catalogue is 
complete for that magnitude.
5.6  Numerical modelling
It is clear that both the fault map, available at the surface, and the earthquake catalogue, 
available over geologically short time scales, are incomplete. For an improved under-
standing of a region’s seismotectonics it is essential to include the depth information 
and the long-term evolution of the stress and strain field. To this end 3-D numerical 
modelling that includes brittle-plastic, ductile and elastic deformation behaviour with 
pressure-and temperature-dependent flow laws, reliable thermal fields, and high numeri-
cal resolution is necessary, to name a few key elements. 3-D numerical models are also 
important to understand the relation between faults and seismicity because the fault type 
(normal, strike-slip or thrust) depends on the 3-D stress state, which can vary signifi-
cantly spatially and temporally during crustal deformation.
6  Conclusions
We carried out a baseline comparison between two different yet physically connected data-
bases in Switzerland and neighbouring regions: faults and seismicity. They are linked by the 
stress regime and express the active fracture pattern at the surface and at depth, respectively.
By calculating the distance from each earthquake to the nearest known and supposedly-
active fault, we observe that about two-thirds of the earthquakes can be considered as being 
close to a fault, yet about 10% are far. This match is surprisingly good considering the very 
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disparate construction of the databases, but still deviates from the general knowledge that 
earthquakes occur on faults. Although both databases are likely incomplete—earthquakes in 
time, faults if they are blind, or covered by sediments or snow,—sensitivity tests and consid-
erations about earthquake location uncertainties do not affect these general results.
The comparisons of earthquake magnitude with hypothetical magnitudes obtained from 
fault lengths show a discrepancy, both in general for the database, and also when earthquakes 
and respective nearest faults are paired. A smaller part of this discrepancy would vanish when 
assumptions on stress-drop would be made. The remaining discrepancy means either that 
earthquakes rupture is partial with respect to the fault’s extent, or the deep fracture pattern is 
clearly more segmented than the superficial one.
The two-third overlap in deep and superficial fracture patterns, and the 10% remote seis-
micity are the first of such quantifications in an orogenic zone, which typically deforms in a 
distributed manner. The analysis of results by close comparison to geological data, especially 
at depth, as well as state-of-the art numerical modelling integrating field data and rheologi-
cal characteristics can shed light on how stress and strain evolve in a broadly, and in this case 
slowly deforming system.
Finally, statistics on faults’ distance to the nearest earthquake reveal results that strongly 
depend on the selection criteria. All supposedly-active faults in Switzerland have experienced 
a M 2.5 or larger earthquake according to currently available data, and only one-sixth have not 
done so in the past 42 years, since the beginning of instrumental earthquake detection.
Further work can be done to complete the databases, and to rightly choose which elements 
of the analysis presented here can be reasonably included in earthquake hazard assessment.
The message for educators: the general knowledge taught in schools must be taken with a 
pinch of salt. Earthquakes can happen in areas without (known or mapped) faults, and not all 
faults produce earthquakes within a human lifetime, but they seem to do so over long times.
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